Integrin signaling relies on multiple, distinct pathways to impact a diverse set of cell behaviors. The Rho family of GTPases are well-established downstream signaling partners of integrins that regulate cell shape, polarity, and migration. The nematode C. elegans provides a simple in vivo system for studying both integrins and the Rho family. Our previous work showed that the C. elegans α integrin cytoplasmic tails have tissue-specific functions during development. Here, we use chimeric α integrins to show that the cytoplasmic tails can rescue the loss of the Rho family of GTPases in three cell types in the somatic gonad.
Introduction
Integrins are heterodimeric αβ transmembrane receptors which link the extracellular matrix to the actin cytoskeleton (Hynes, 2002) . Integrin engagement can trigger a diverse set of signaling pathways that vary by cell type and contribute to cell cycle regulation, survival, migration, differentiation, and adhesion (Legate et al., 2009 ). These abilities have given integrins a prominent role in development and, when functioning improperly, the ability to promote tumor growth and metastasis (Bökel and Brown, 2002; Desgrosellier and Cheresh, 2010) . Studies on integrin function are frequently challenged by the ability of integrins to simultaneously access multiple signaling pathways, creating a need for simple models of integrin function that are easy to manipulate. C. elegans has two α integrins, ina-1 and pat-2, which pair with β integrin pat-3 to form two functional integrin receptors (Baum and Garriga, 1997; Gettner et al., 1995) . The limited repertoire of integrins in C. elegans, compared to the 24 pairs in humans, make m e c h a n i s m s o f d e v e l o p m e n t 1 3 6 ( 2 0 1 5 ) 1 1 1 -1 2 2 Available at www.sciencedirect.com ScienceDirect j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / m o d o nematodes a highly accessible in vivo model for integrin function (Margadant et al., 2011) . Our previous work used chimeric α integrins which connected the extracellular and transmembrane domain of ina-1 with the pat-2 cytoplasmic tail (ina-1(pat-2cyto) ) and the extracellular and transmembrane domain of pat-2 with the ina-1 cytoplasmic tail (pat-2(ina-1cyto)) ( Fig. 1A ) (Meighan and Schwarzbauer, 2014) . Chimeric integrin ina-1(pat2cyto) was used to rescue nematodes homozygous for the lethal mutation ina-1(gm86) and compared to rescue using an intact version of ina-1. A similar approach used pat-2(ina-1cyto) to rescue nematodes homozygous for lethal mutation pat-2(st567) and compared to rescue using an intact version of pat-2. The chimeric lines allowed for the examination of cytoplasmic tail function without altering extracellular binding partners and showed the cytoplasmic tails have tissue-specific functions in distal tip cells (DTCs), the vulva, and body wall muscle (Meighan and Schwarzbauer, 2014) . The inability of each chimeric integri to fully rescue wild type integrin function suggested that the chimeric integrin failed to activate normal structural or signaling pathways. It further implied that the chimeric integrins may be able to activate signaling pathways unavailable to intact integrins that could lend insight to the complexity of downstream integrin signaling events in both development and disease.
Tissue culture studies have linked integrin function to the Rho family of GTPases: Rho, Rac, and Cdc42 (Jaffe and Hall, 2005) . Rac and Cdc42 are both activated by integrins to trigger cell spreading (Price et al., 1998) . Binding of integrins to the extracellular matrix has been shown to activate Rho leading to focal adhesion formation, while inhibition of Rho leads to integrin diffusion out of focal adhesion complexes (Chrzanowska-Wodnicka and Burridge, 1996; Ren et al., 1999) . Later studies have explored the complex interplay between Rho, Rac, Cdc42, and integrins during cell migration (Hall, 2005; Guilluy et al., 2011; Huveneers and Danen, 2009 ). In nematodes, disruption of rho-1/RhoA by RNAi is lethal prior to hatching due to errors in cytokinesis (Jantsch-Plunger et al., 2000) . Rho effectors Rho-binding kinase and myosin phosphatase control actin-based contraction during cytokinesis, elongation of the early embryo, and in the spermatheca (Piekny and Mains, 2002; Wissmann et al., 1999) . rga-2, a rho-1 activator, also has an established role in epidermal contraction to regulate early morphogenic events (Diogon et al., 2007) . Post-hatching disruption of rho-1 function using heat shock-induced expression of constitutively active RHO-1 led to reduced fertility and changes in body morphology in adults (McMullan and Nurrish, 2011) . There are three Rac genes in C. elegans, ced-10/Rac1, mig-2/ RhoG, and rac-2/Rac2, with redundant roles in axon pathfinding, vulva morphogenesis, and DTC migration (Kishore and Sundaram, 2002; Lundquist et al., 2001 ). Disruption of cdc-42/ Cdc42 by RNAi resulted in vulva morphology, DTC migration, and ovulation defects (Norman et al., 2005; Welchman et al., 2007) .
Integrins have been directly connected to the Rho family in C. elegans. PAT-2 requires CDC-42 and the guanine exchange factor UIG-1, a CDC-42 activator, during the engulfment of apoptotic cells by muscle cells (Hsieh et al., 2012) . The similar phenotypes generated by Rho family or integrin disruption, coupled with the established connection between PAT-2 and CDC-42 during corpse engulfment, make the Rho family possible signaling partners of the α integrin cytoplasmic tails. To determine if the α integrin cytoplasmic tails had a role in Rho family signaling, the chimeric and intact α integrin lines were challenged with RNAi against the Rho family of GTPases then evaluated for reproduction, vulva morphology, and DTC migration. Our results show that intact PAT-2 requires CDC-42 for normal vulva morphogenesis and DTC migration, while substitution of the PAT-2 cytoplasmic tail with the INA-1 cytoplasmic tail allows these activities to be independent of CDC-42. We also show that intact INA-1 requires RHO-1 for normal reproduction, while the replacement of the INA-1 cytoplasmic tail with the PAT-2 cytoplasmic tail grants partial independence from RHO-1. Together, our results show that the chimeric integrins can rescue the loss of prevalent integrin signaling partners based on cell type. 
Results

2.1.
Chimeric integrin ina-1(pat-2cyto) can rescue the loss of rho-1 during reproduction Our previous work compared chimeric α integrin ina-1 with the pat-2 cytoplasmic tail (ina-1(pat-2cyto)) and a wild type ina-1 (intact ina-1) in their ability to rescue the lethal mutant ina-1(gm86) (Fig. 1A) . We also compared chimeric α integrin pat-2 with the ina-1 cytoplasmic tail (pat-2(ina-1cyto)) and a wild type pat-2 (intact pat-2) in their ability to rescue the lethal mutant pat-2(st567) (Fig. 1A) . The chimeric integrins showed tissuespecific functions in DTCs, the vulva and body wall muscle for the cytoplasmic tails (Meighan and Schwarzbauer, 2014) . Differences in cytoplasmic tail capabilities could be due to each tail having unique signaling partners in the cell. This implies that the chimeric integrins should not only fail to execute some cell behaviors, but should also be capable of bypassing signaling events required by wild type integrins. Our goal was to assess the dependence of each α integrin cytoplasmic tail on Rho family signaling in the somatic gonad. All experiments using intact ina-1 or ina-1(pat-2cyto) are rescue lines for a loss of function mutation in ina-1. All experiments using intact pat-2 or pat-2(ina-1cyto) are rescue lines for a loss of function mutation in pat-2. The hermaphrodite somatic gonad is a mirror image U-shaped organ that manages oocyte maturation, fertilization, and deposition. The somatic gonad includes: the DTCs, leader cells whose migration dictates the shape of the gonad arm and regulates germ cell entry into meiosis; sheath cells, smooth muscle-like cells that surround the gonad arm and provide contraction to ovulate oocytes into the spermatheca for fertilization; and the vulva, an apparatus used to release fertilized eggs into the environment (Fig. 1B) (Hirsh et al., 1976; Hubbard and Greenstein, 2000; Kimble and White, 1981; McCarter et al., 1997; Seydoux and Schedl, 2001) . The Rho family of GTPases have been implicated in distal tip cell migration, vulva morphogenesis, and spermatheca entry suggesting a link to α integrin activity (Lundquist et al., 2001; McMullan and Nurrish, 2011; Norman et al., 2005; Wissmann et al., 1999) .
In order to assess a link to the α integrin cytoplasmic tails, rho-1 was disrupted by feeding RNAi. In feeding RNAi, eggs are seeded on lawns of bacteria that express double stranded RNA against the target gene. A feeding RNAi effect can only occur post-hatching after larval stage nematodes eat the bacteria. This allowed for normal rho-1 function in early development and assessment of the loss of rho-1 in later developmental and adult events. Fertility of a population of nematodes was measured by seeding nematode eggs on rho-1 RNAi bacteria, then counting the number of adults and their eggs on the plates after approximately 72 hours. This reproduction screen provided the advantage of allowing large numbers of adults to be evaluated for each condition. Knockdown of rho-1 in intact pat-2 or pat-2(ina-1cyto) lines resulted in no new eggs being laid on the plate whereas the empty vector control plates produced 12 eggs for every adult in that time frame ( Fig. 2A) . Knockdown of rho-1 in intact ina-1 lines produced 0.12 ± .1 eggs per adult (n = 425) compared to the 11.8 ± 0.6 (n = 89) eggs per adult from the empty vector control. Interestingly, knockdown of rho-1 in ina-1(pat2cyto) lines produced 3.5 ± 0.6 eggs per adult (n = 321) compared to the 11.5 ± 0.8 (n = 117) in the empty vector control ( Fig. 2A) . While the egg to adult ratio after rho-1 RNAi shows less fertility compared to the control; ina-1(pat-2cyto) was the only strain capable of producing multiple eggs after the loss of rho-1. This showed that the replacement of the INA-1 cytoplasmic tail with the PAT-2 cytoplasmic tail allowed the chimeric integrin to bypass the requirement for RHO-1 during reproduction.
Chimeric integrin pat-2(ina-1cyto) can resist the loss of cdc-42 in reproduction
Following the same approach as rho-1, cdc-42 was knocked down by feeding RNAi in all four integrin types. The loss of cdc-42 led to a statistically significant reduction in the egg to adult ratio compared to the empty vector control for intact ina-1, ina-1(pat-2cyto), and intact pat-2 (Fig. 2B) . Knockdown of cdc-42 in pat-2(ina-1cyto) produced an 8.5 ± 2.5 egg to adult ratio compared to 12.3 ± 2.5 for the empty vector control (Fig. 2B ). This showed that the replacement of the PAT-2 cytoplasmic tail with the INA-1 cytoplasmic tail allowed the chimeric integrin to resist the loss of CDC-42 during reproduction.
Rac does not have an α integrin cytoplasmic tailspecific impact on reproduction
The loss of either Rac GTPase ced-10 or mig-2 in C. elegans causes DTC migration defects. The simultaneous knockdown of both genes increased both the number and severity of defects (Lundquist et al., 2001; Meighan and Schwarzbauer, 2007) . To generate the strongest loss of Rac function, Rac was disrupted by simultaneous knockdown of ced-10 and mig-2 by RNAi in all of our Rac experiments. Knockdown of both genes showed no significant decrease in the egg to adult ratio in any of the α integrin lines (Fig. 2C ), demonstrating that Rac does not have an α integrin-specific role in reproduction.
Chimeric integrin ina-1(pat-2cyto) is resistant to the rho-1 knockdown-generated Emo phenotype
To further investigate the mechanism of rho-1 and cdc-42-driven loss of reproduction, all integrin strains were evaluated for endomitotic fusion, the Emo phenotype, in the proximal gonad arm (Iwasaki et al., 1996) . Wild type proximal gonad arms have ordered oocytes with distinct nuclei. Oocytes individually enter the spermatheca for fertilization, then are laid through the vulva (Fig. 1B) . All integrin lines and the N2 control had ordered oocytes after exposure to the empty vector control (Fig. 3A, B , G, H, Table 1 ). rho-1 knockdown on N2 nematodes, intact ina-1, intact pat-2, or pat-2(ina-1cyto) led to the Emo phenotype with disorganized oocytes that failed to be fertilized or released through the vulva. DAPI staining revealed enlarged areas of DNA in the oocytes commonly seen in the Emo phenotype (Fig. 3D, E) (Iwasaki et al., 1996) . The Emo phenotype was seen in 100% of intact ina-1, intact pat-2, and pat-2(ina-1cyto) nematodes after knockdown of rho-1, but was only present in 83.7 ± 3.0% of ina-1(pat-2cyto) nematodes (Table 1) . ina-1(pat-2cyto) nematodes without the Emo phenotype had ordered oocytes in the wild type pattern (Fig. 3J, K) . The ability of about 15% of the ina-1(pat-2cyto) population to avoid the Emo phenotype accounts for increased presence of eggs found in the population reproduction screen.
Knockdown of cdc-42 reduced the egg to adult ratio of intact ina-1, ina-1(pat-2cyto), and intact pat-2. The egg to adult ratio for pat-2(ina-1cyto) was resistant to the loss of cdc-42. Exposure to the empty vector control resulted in a normal oocyte distribution and DAPI staining pattern for intact pat-2 and pat-2(ina-1cyto) (Fig. 4A, B , G, H). Knockdown of cdc-42 by RNAi produced the Emo phenotype, in all integrin lines, including pat-2(ina-1cyto) ( Table 2) . DAPI staining revealed large clumps of DNA in the disordered pattern typically seen with the Emo phenotype (Fig. 4C , D, J, K). The uniform appearance of the Emo phenotype suggests that pat-2(ina-1cyto) does not rescue the loss of cdc-42 in sheath cells. Clearly, the Emo phenotype cannot be fully responsible for the egg to adult ratios measured after cdc-42 RNAi.
2.5.
Chimeric integrin ina-1(pat-2cyto) nematodes resistant to rho-1 knockdown have normal actin filament organization in sheath cells
Oocyte advancement along the proximal gonad arm and entrance to the spermatheca for fertilization requires contraction of the smooth muscle cell-like sheath cells (Fig. 1B) (Hubbard and Greenstein, 2000) . The Emo phenotype has previously been linked to integrin signaling partners and a lack of contraction by the sheath cells due to disorganized actin filaments (Xu et al., 2006) . Rho has also been connected via Rho-binding kinase and myosin phosphatase to contraction and spermatheca Averages and standard error were generated from at least 3 independent experiments. n is the number of gonad arms evaluated. * indicates p < .01 for the RNAi treatment group compared to the empty vector control. Averages and standard error were generated from at least 3 independent experiments. n is the number of gonad arms evaluated. * indicates p < .01 for the RNAi treatment group compared to the empty vector control.
function (Piekny and Mains, 2002; Wissmann et al., 1999) . The predominant appearance of the Emo phenotype after rho-1 RNAi suggested that the contractile apparatus of the gonad may not be functioning properly. The organization of smooth muscle actin in the sheath cells was evaluated in all lines by rhodamine phalloidin staining after gonad dissection. Normal actin organization appears as multiple linear filaments roughly longitudinal to the proximal gonad arm, but in a mesh-like pattern (Fig. 3C, I ). Actin filaments were absent or largely disrupted after rho-1 RNAi with the Emo phenotype in all lines. ina-1(pat2cyto) nematodes that escaped the Emo phenotype had visible smooth muscle actin filaments (Fig. 3F, L) . This shows that rho-1 has a role in actin organization in sheath cells and the PAT-2 cytoplasmic tail, when attached to the extracellular domain of INA-1, has the ability to organize actin in sheath cells without RHO-1 activity. Similar to rho-1, the cdc-42 RNAi-induced Emo phenotype was evaluated for sheath cell actin organization. Intact pat-2 and pat-2(ina-1cyto) had the typical mesh-like pattern of sheath cell actin filaments after treatment with the empty vector (Fig. 4C, I ). After cdc-42 RNAi, nematodes with the Emo phenotype from all integrin lines, including pat-2(ina-1cyto), had missing or disrupted sheath cell actin filaments (Fig. 4F, L) . This shows that CDC-42 has a role in sheath cell actin filament organization, but that role cannot be replaced by swapping the α integrin cytoplasmic tails.
Chimeric integrin pat-2(ina-1cyto) can rescue the loss of cdc-42 during vulva morphogenesis
The prevalence of the Emo phenotype was unable to account for the resistance of pat-2(ina-1cyto) to cdc-42 RNAi during our reproduction screen. This suggests that an alternative aspect of somatic gonad function may be deficient. cdc-42 is required for proper vulva morphogenesis (Welchman et al., 2007) . A misshapen vulva can prevent egg deposition and would therefore lead to a smaller egg to adult ratio in our screen. Treatment with the empty vector control produced very few vulva defects in N2 nematodes, intact ina-1, intact pat-2, and pat-2(ina1cyto) (Fig. 5A, B , Table 3 ). The presence of the pat-2 cytoplasmic tail in ina-1(pat-2cyto) caused roughly 20% of vulvas to be malformed (Table 3) . cdc-42 RNAi caused the protruding vulva phenotype in N2 nematodes and all integrin lines except pat-2(ina-1cyto) which maintained a normal vulva (Fig. 5C, D , Table 3 ). The Emo phenotype and malformed vulva could account for the reduction in reproduction for all integrin lines. pat-2(ina-1cyto) can perform vulva morphogenesis without cdc-42 function and would therefore be more capable of reproduction than the other integrin lines. This shows that the INA-1 cytoplasmic tail is able to direct normal vulva morphogenesis in the absence of CDC-42.
Similar to cdc-42, rho-1 has an active role in vulva morphogenesis (Canevascini et al., 2005) . rho-1 RNAi caused increased vulva morphology defects, seen as protruding vulvas, in N2 nematodes and all integrin lines (Fig. 5 E, F, Table 3 ). The chimeric integrins were unable to rescue this defect (Table 3) . Contrary to expections, knockdown of Rac function by dual RNAi against ced-10 and mig-2 had no impact on vulva formation in N2 nematodes or any integrin line (Table 3) . Both cdc-42 and rho-1 have a role in vulva morphogenesis, but only the loss of cdc-42 can be rescued by a swapped α integrin cytoplasmic tail.
Chimeric integrin pat-2(ina-1cyto) can rescue the loss of cdc-42 during distal tip cell migration
The somatic gonad also includes the distal tip cell (DTC), a leader cell whose migration dictates the U-shape of the gonad arm (Fig. 1B) . Both cdc-42 and Rac are required for DTC migration (Cram et al., 2006; Lundquist et al., 2001; Norman et al., 2005) . ina-1(pat-2cyto) was also shown to generate DTC migration defects, indicating that the ina-1 cytoplasmic tail has a role in directing the migratory process (Meighan and Schwarzbauer, 2014) . Exposure to the empty vector control resulted in normal DTC migration with the expected U-shaped gonad arm for N2 nematodes and all integrin lines (Fig. 6A, B, Table 4 ). cdc-42 RNAi increased the number of DTC migration defects, seen as improper turns and early migration termination for N2 nematodes, intact ina-1, intact pat-2, and ina-1(pat-2cyto) (Fig. 6C, Table 4 ). pat-2(ina-1cyto) did not have a significant increase in DTC migration defects, with 2.5 ± 1.4% defects for the empty vector control compared to 13.4 ± 5.5% defects after cdc-42 RNAi ( Fig. 6D, Table 4 ). rho-1 RNAi produced no additional DTC migration defects for N2 nematodes or any integrin strain (Table 4) . Knockdown of Rac function by dual RNAi against ced-10 and mig-2 increased the number of defects for all integrin strains (Fig. 6E, F, Table 4 ). DTC migration is independent of rho-1 activity, while dependent on Rac activity, regardless of α integrin complement. The requirement for cdc-42 during DTC migration can be overcome by the ina-1 cytoplasmic tail attached to the pat-2 extracellular domain.
Overall, our results show that the cytoplasmic tails of α integrins ina-1 and pat-2 can alter cell behavior in different tissue types in the gonad. The PAT-2 tail is able to overcome the requirement for CDC-42 in vulva morphogenesis and DTC migration, while the INA-1 cytoplasmic tail can overcome the requirement for RHO-1 to establish actin filament structure in sheath cells.
Discussion
Our earlier work with C. elegans showed the cytoplasmic tails of α integrins ina-1 and pat-2 have tissue specific functions. In this manuscript, we show each α integrin cytoplasmic tail has the ability to overcome the loss of members of the Rho family of GTPases. Knockdown of cdc-42 caused vulva morphology, DTC migration, and sheath cell actin patterning defects in the somatic gonad. pat-2(ina-1cyto) was able to overcome the loss of cdc-42 in both the vulva and DTCs, but not restore actin patterning in sheath cells. This suggests the mechanism by which pat-2(ina-1cyto) rescues the loss of cdc-42 is available in two of the three different cell types. Similarly, knockdown of rho-1 disrupted vulva morphogenesis and actin patterning in sheath cells. ina-1(pat-2cyto) was able to compensate in sheath cells. The loss of Rac by knocking down both mig-2 and ced-10 led to defective DTC migration, normal vulva morphology, and normal reproduction regardless of α integrin cytoplasmic tail type.
The Rho family of GTPases regulate actin organization, contraction, and cell polarity (Jaffe and Hall, 2005) . The ability to rescue the loss of cdc-42 or rho-1 implies the integrin cytoplasmic tails are capable of bypassing typical Rho family-based signaling pathways. rho-1 effector let-502 (Rho associated kinase/ ROCK), is expressed in sheath cells and is required for ovulation (Wissmann et al., 1997 (Wissmann et al., , 1999 . The PAT-2 cytoplasmic tail may be able to bypass RHO-1 and activate LET-502 by a different mechanism. Alternatively, pat-2 is best known for sarcomere organization in body wall muscles. The presence of the PAT-2 cytoplasmic tail attached to the INA-1 extracellular domain may allow for sheath cell actin organization by an atypical mechanism, which in turn, permits contraction and ovulation. cdc-42 has an established role in ovulation, vulva morphogenesis, and DTC migration (Cram et al., 2006; Norman et al., 2005; Welchman et al., 2007) . Cdc42 has been shown to manipulate actin dynamics through mDia2 in fibroblasts and cofilin in mouse neurons (Garvalov et al., 2007; Peng et al., 2003) . In C. elegans, cdc-42 signals through pak-1 (p21-activated kinase) during embryo elongation and some evidence suggests the relationship also exists during DTC migration (Chen et al., 1996; Lucanic and Cheng, 2008) . The presence of the INA-1 cytoplasmic tail attached to the PAT-2 extracellular domain could make CDC-42 dispensable for vulva morphogenesis and DTC migration by activating PAK-1 through a different mechanism, perhaps GIT-1 and PIX-1, or with a contribution from one of the Rac genes (Lucanic and Cheng, 2008; Peters et al., 2013) . Importantly, this chimeric integrin system could unmask unique mechanisms of Rho family regulation. It may also allow for the identification of key molecules whose signaling cannot be bypassed regardless of integrin type.
The loss of cdc-42 or rho-1 caused defects in different cell types in the somatic gonad. Interestingly, pat-2(ina-1cyto) was able to overcome the loss of cdc-42 in both the vulva and DTCs, yet had the same frequency of defects in the sheath cells as the other integrin lines. Similarly, knockdown of rho-1 disrupted vulva morphogenesis and actin patterning in sheath cells, yet ina-1(pat-2cyto) only compensated in sheath cells. These cell type-dependent rescues suggest that the available signaling proteins related to Rho family function are similar in DTCs and the vulva, and quite different in sheath cells. This finding suggests that the mechanism of integrin to Rho family signaling varies by cell or tissue type.
The use of RNAi to simultaneously disrupt ced-10 and mig-2 function led to no overt phenotype in the vulva, despite a clear phenotype in the distal tip cells. The lack of a vulva phenotype is contrary to reports using ced-10 and mig-2 double mutants that showed multiple defects in the number, division axes, and migration of vulval cells as well as the morphology of the vulval ring (Kishore and Sundaram, 2002; Dalpé et al., 2005) . These defects were also seen when a mutation in ced-10 was combined with mig-2 RNAi and in the inverse experiment (Kishore and Sundaram, 2002) . The lack of an overt vulva phenotype for ced-10 and mig-2 RNAi suggests that the double RNAi approach may not provide a strong enough reduction in Rac function in the vulva. The options discussed above require the α integrin cytoplasmic tails to drive alternative signaling pathways. There is evidence for α integrin variation and cytoplasmic tail signaling to control Rho family members to regulate cell behavior in other organisms. Squamous cell carcinoma cells vary their invasive behavior based on the expression of α3 and α2 integrins. Enhanced migration by α3 was driven by a reduction of RhoA and increase in Pak activity, while decreased migration by α2 relied on increased RhoA activity (Zhou and Kramer, 2005) . Using rat PC12 cells, the α3 cytoplasmic tail was shown to have a dominant negative effect that prevents neuron differentiation. An addition of a ROCK inhibitor restored neuron differentiation (Mechai et al., 2005) . Both examples highlight the connection between α integrin cytoplasmic tails and Rho family activity.
If the α integrin cytoplasmic tails are not using alternative signaling pathways, one option is that other members of the Rho family are substituting for the lost family member in certain tissues. Substitution was evident in previous studies for Rac, with ced-10 and mig-2 each capable of rescuing the other during DTC migration (Lundquist et al., 2001) . Perhaps one or more Rac genes are able to substitute for cdc-42 in the presence of the INA-1 cytoplasmic tail. There's no evidence of cdc-42 or any of the three Rac genes substituting for rho-1 in C. elegans, making this explanation unlikely. Alternatively, the rescue events we observed could be due to the overall adhesive state of the impacted cells. If the loss of rho-1 alters adhesion due to a lack of insideout signaling, perhaps the chimeric integrin has an opposing impact on adhesion which leads to no net change in total adhesion, allowing cell behavior to proceed normally. The same could be true for the loss of cdc-42. Directly testing the adhesivity of the chimeric integrins on different extracellular matrices would solve this issue and, more interestingly, resolve the Together, our results highlight the complex relationship between integrins and the Rho family of GTPases and emphasize the importance of considering cell and tissue type when predicting integrin to Rho family signaling pathways. The ability of chimeric integrins to bypass Rho family signaling provides an opportunity to unmask new Rho-based signaling mechanisms and to carefully dissect the full capabilities of each α integrin cytoplasmic tail.
Methods
Strains
Strains were grown as described (Brenner, 1974) . Intact ina-1 is strain ina-1(gm86); ex (ina-1p::ina-1::venus) and ina-1(pat2cyto) is strain ina-1(gm86); ex (ina-1p::ina-1(pat-2cyto)::venus) . All lines using intact ina-1 or ina-1(pat-2cyto) include the loss of function mutation in ina-1. Intact pat-2 is strain pat-2(st567), unc-79(e1076); ex(pat-2p::pat-2::venus) ; and pat-2(ina-1cyto) is strain pat-2(st567), unc-79(e1076); ex(pat-2p::pat-2(ina-1cyto)::venus) . All lines using intact pat-2 or pat-2(ina-1cyto) include the loss of function mutation in pat-2. Construction of the strains is detailed in Meighan and Schwarzbauer (2014) .
4.2.
RNA interference RNA interference was performed by feeding at 23°C as described by Timmons et al. (2001) . Briefly, eggs were isolated from adults using sodium hydroxide and bleach then added to plates of bacteria expressing double-stranded RNA against the target gene or an empty vector as a control. Hatched nematodes were evaluated for phenotypes as adults.
4.3.
DNA constructs rho-1, cdc-42, ced-10 and mig-2 were constructed following the guidelines established in Kamath and Ahringer (2003) . Each construct was transformed into HT115 bacteria. The rho-1 RNAi feeding construct contained rho-1 cDNA from +259 to +503. This region was amplified by primers y51h4F: CTAGCTAG CATTCACCCGATTCACTGGAG and y51hrR: TACAAGCTTC GCCTTCTCGAATACCTCAC then ligated into pPD129.36 at restriction sites NheI and HindIII. cdc-42 was amplified with primers sjjR07G3.1F: TTCTTCGATAATTATTGCTCCCA and sjjR07G3.1R: AACGACGACGAAAATGTTAAAGA, which cover the entire coding region of cdc-42. The product was inserted into pPD129.36 using restriction enzymes NheI and HindIII. Construction of the mig-2 and ced-10 RNAi plasmids was described in Meighan and Schwarzbauer (2007) .
Reproduction
Eggs were isolated and added to plates of bacteria as described under RNA interference (Timmons et al., 2001) . After 72 hours at 23°C, the total adults and eggs on each plate were counted. The number of eggs was divided by the number of adults to create an egg to adult ratio. Each experiment was repeated at least three times using at least 20 adults.
Bright field microscopy
Nematodes were mounted on 2% agarose pads in .1M sodium azide in M9. DTC migration, vulva morphology, and the Emo phenotype were evaluated using an Olympus BH2 microscope with Nomarski optics and a Spot RT3 camera.
Rhodamine Phalloidin staining
Fluorescence staining was performed as described (Xu et al., 2006) . Briefly, nematodes were mounted on poly-L-lysine slides then fixed using methanol and acetone. Rhodamine phalloidin was added at .2U/ml PBS for 2 hours and DAPI was added at .1 mg/ml PBS for 10 minutes. For experiments with dissected gonads, dissection occurred prior to mounting in .2 mM levamisole in PBS using a 26 gauge needle followed by methanol fixation. Fluorescence was evaluated using a Nikon Eclipse Ti fluorescence microscope with a Nikon DS-Qi1Mc camera run by Elements software.
Calculations
Averages and standard error throughout the paper were calculated using the results from multiple independent lines analyzed in at least three different experiments. P values were generated using a Student's t-test for the results from exposure to the empty vector compared to the RNAi target for each strain. Averages and standard error were generated from at least 3 independent experiments. Empty vector was measured separately for each RNAi target. n is the number of DTCs evaluated. * indicates p < .01 for the RNAi treatment group compared to the empty vector control.
